the spherical portion was to depend upon several criteria such as criticality with either H20 or D20 as the moderator with various·slurry concentrations; limiting power densities and total desired power; thermal stresses; etc. From the standpoint of thermal stresses, the composit vessel presents a particular problem in that the cone wall thickhess must be about twice that of the sphere on the basis of pressure stress alone. The.greater amount of heat generation in the cone wall results in a difference in free radial expansion of the cone and sphere at the cone-sphere intersection. The resultant localized discontinuity bending stresses will increase the total stresses,significantly above the ordinary pressure and thermal stresses in the sphere.
The purpose of this preliminary analysis was to determine the effect of core diameter on heat generation and stresses in the wall. To avoid complications at this time, the core vessel was considered to be a complete sphere, all discontinuities being neglected. In order to keep the total power down while keeping the power density up, the range of sphere diameters was selected as three feet to four and one-half feet.
The design and fabrication of a clad vessel is complicated by comparison to a non-clad vessel. The advantages of using the clad design are the greater strength of the carbon steel base materials as compared to austenitic materials -3- such as type 347 stainless steel, the possibly lower cost of the clad shell, and perhaps most impdrtant in nuclear reactor systems, the lower value of a E/k for the carbon steels, where a, E, and k are-the coefficient of thermal expansion, Young's modulus, and thermal conductivity, respectively. However, if the thermal stresses in an all stainless vessel are sufficiently low for the predicted operating conditions, then certainly, from the standpoint of stresses, vessels of the size being considered for the HRE-4 could be made of austenitic material. Therefore, both carbon steel vessels clad with type 347 stainless steel and all stainless steel (type 347) vessels have been considered in this atudy.
The various cores calculated are listed in Table 1 . The only all stainless steel vessel calculated was 3* ft in diameter with zero thorium concentration. Calculations for heat generation in the wall included the gamma energy from the core gammas and from the capture gammas in the wall. The method of calculation was based primarily on the use of infinite media buildup factors, the methods being identical to those used in reference (1) . The use of these methods in finite vessel walls tends to overestimate the heat generation, a supposition fairly well validated in references (1) and (2) by a comparison between calculated and experimentally determined heat generation rates in the HRT pressure vessel. However, since two sources of gammas are considered and cannot be distinguished one from the other in the experimental analysis of heat generation, it is not known how the error in the calculated total heat generation varies with varying ratios of the two gamma sources. In the case of the HRT the two sources, or at least their resultant heat generations.in the vessel.wall, are about equal. Since the error in the HRT calculations appears to.be about plus 100%, it is tentatively concluded that for any of the ratios of gamma sources encountered in this study the answer will be conservative.
The net neutron currents into the vessel wall as calculated by Prince (3) and used herein are listed in Table 2 . They were calculated using twenty fast groups and one thermal group. The fast currents tabulated are the sums of the twenty fast groups. In the heat generation calculations the average energy of the fast group was selected as 700 ev.
-4- The neutron currents into the wall are to some extent a function of the vessel wall thickness; however, for wall thicknesses greater than about three inches the neutron currents are essentially independent of the wall thickness. The wall. thicknesses used in the calculation of currents listed in Table 2 were in excess of three inches. For thinner walls the net neutron currents will increase with decreasing wall thickness. From the .standpoint of heat generation it is estimated that this latter effect is more than offset by the increasing gamma attenuation error (use of infinite media buildup factors) discussed previously, and therefore no correction was applied. The results of the heat generation calculations are summarized in Table 3 .
The volume heat generation rates listed are the values in the wall at the inside surface; the power levels were such as to produce equal power densities in the four different ,diameter vessels with a total power of 5 Mw in the 44-ft diameter vessel. To obtain a meaningful comparison between core and capture gamma heating in the wall, the latter values, as listed in Table 3 , were taken from an essentially linear extrapolation of a semilog plot of the capture gamma heating vs. distance in the wall. The actual curve for wall capture gamma heating has a depression near the inside surface so that the actual inside surface value is not a good indication of the total heat generation rate in the wall..
The figures in Table 3 appear to indicate that decreasing the size of the vessel decreases both the core and capture gamma heating, although the trend is not very pronounced.
The temperature distributions in the wall resulting from the removal of the internally generated heat and from various temperature differences between the inner and outer surfaces of the wall were determined using the calculated heat generation values in a finite difference solution of the general heat conduction equation. The resultant temperature distributions were then used directly in the stress equations.
Stresses
The stresses considered in this preliminary study. were the tAngential stresses on the inside surface of the cladding, at the interface between the cladding and base material, and at the outer surface of the base material..
The thermal stresses in the reactor vessels being considered are a function of the diameter, total wall thickness, cladding thickness, material properties, temperature distribution through the wall, reactor power, type moderator, and slurry concentration. For the initial studies the cladding thickness was selected as 0.200 inches for all clad vessels.
A simple and general method of presenting the results of the parametric study is to write the thermal stress equations in terms of two coefficients and the temperature difference adross the wall as illustrated in equation (1) Of particular interest will be the case of no heat flow from the outside surface. The temperature differences across the wall for this case are given in Fig. 7 .
The pressure stresses per unit pressure are given in Fig. 8 .
Figures 2 through 8 can be used to examine the stresses over the ranges indicated.
Results
One purpose of this study was to determine the effect of core size and slurry concentration on thermal stresses. As indicated in Figs. 2 through 6 and Table 3 , increasing the thorium concentration decreases the thermal stresses. Figure 9 shows how the maximum thermal stress in a clad vessel varies with thorium concentration for two different heat transfer boundary conditions.
Figures 2 through 6 show, of course, that the thermal stresses are a function of the wall thickness. In order to select a satisfactory wall thickness, the pressure and thermal stresses must be added and their sums plotted against wall thickness. This has been done for the four vessel sizes listed in Table 1 , using the case of zero thorium concentration and equal power densities with 5 Mw in the 14-ft diameter vessel. The resultant curves shown in Fig. 10 show that as the diameter is increased the minimum (with respect to wall thickness) total stress increases.
It should be emphasized at this point that it certainly is not necessary to use the optimum wall thickness indicated in Fig. 10 unless the maximum possible power density is desired. For instance, assume that the power density used in obtaining the curves in Fig. 10 are maximum allowable values based on some criterion other than stresses in the. vessel wall. Now consider the 3*-ft diameter clad vessel, and assume that the allowable pressure stress in the cladding is 14,900 psi and in the base material 17,500 psi. Using Fig. 8 and assuming 2000 psi system pressure, the minimum wall thickness, considering pressure stresses only, is 1.03 inches based on the stress in the base material. The pressure stress in the cladding for that wall thickness is 14,200 psi. The allowable total (pressure + thermal) stress in the cladding, where the stresses are a maximum for this particular case, is 1.5 x 14,900 = 22,300 psi. Referring again to Fig. 10 , it is observed that the total stress for a 1.03-inch wall is only 18,800 psi. The "optimum" wall thickness is about 1.5 inches and therefore about 50% greater than required .
-8-A similar check on the other clad vessels in Fig. 10 shows that the four clad vessels have satisfactory stresses.
To really optimize the design, the power density should be increased until the -minimum stress indicated· in Fig. 10 is equal to 1.5 times the allowable pressure stress, or until the pressure stress is equal to its allowable value, whichever limit is reached first. Increasing the power density will decrease the optimum wall thickness and therefore increase the pressure stress.
The total stresses in an all stainless steel vessel are compared with those in the clad vessels in Fig. 10 . For the same boundary condition of no heat removal from the outer surface, the total stresses corresponding to the respective optimum wall thicknesses in the stainless steel vessel are about 1.5 times those in the same diameter clad vessel, and the optimum thickness is less than for the clad vessel. In order to reduce the pressure and thermal stresses in the stainless steel vessel to the allowable values without adding thorium to the system, the temperature drop across the vessel wall must be reduced. As indicated by the lower dashed curve in Fig. 10 , the objective is easily attained.
Since the addition of thorium to the system reduces the thermal stresses, it can be concluded that the steady-state thermal stresses in the clad or solid stainless steel vessels.,considered will not have to be a determining factor in the selection of a core size, provided the power density does not exceed approximately 15 kw/.0 for the clad vessels and 8 kw/8 for the all stainless steel vessels.
The possibility of using a moderator consisting of a mixture of light and heavy water for the smaller reactors has been under consideration. The curves in Fig. 10 indicate that the use of a D20 moderator will result in lower stresses for the same diameter vessel. Thus, light-heavy water mixtures in the 3-and 3*-ft diameter vessels will result in lower stresses.
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